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a b s t r a c t

The single polycrystalline diamond compact (PDC) cutter test is widely used to investigate the mecha-
nism of rock-breaking. The generated cuttings and cutting force are important indexes reflecting the rock
failure process. However, they were treated as two separate parameters in previous publications. In this
study, through a series of rock block cutting tests, the relationship between them was investigated to
obtain an in-depth understanding of the formation of cuttings. In addition, to validate the standpoints
obtained in the aforementioned experiments, rock sheet cutting tests were conducted and the rock
failure process was monitored by a high-speed camera frame by frame. The cutting force was recorded
with the same sampling rate as the camera. By this design, every sampled point of cutting force can
match a picture captured by the camera, which reflects the interaction between the rock and the cutter.
The results indicate that the increase in cutting depth results in a transition of rock failure modes. At
shallow cutting depth, ductile failure dominates and all the cuttings are produced by the compression of
the cutter. The corresponding cutting force fluctuates slightly. However, beyond the critical depth, brittle
failure occurs and chunk-like cuttings appear, which leads to a sharp decrease in cutting force. After that,
the generation of new surface results in a significant decrease in actual cutting depth, a parameter
proposed to reflect the interaction between the rock and the cutter. Consequently, ductile failure
dominates again and a slight fluctuation of cutting force can be detected. As the cutter moves to the rock,
the actual cutting depth gradually increases, which results in the subsequent generation of chunk-like
cuttings. It is accompanied by an obvious cutting force drop. That is, ductile failure and brittle failure,
one following another, present at large cutting depth. The transition of rock failure mode can be
correlated with the variation of cutting force. Based on the results of this paper, the real-time monitoring
of torque may be helpful to determine the efficiency of PDC bits in the downhole.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Since being first introduced by General Electric in 1973 and put
into use in the oil field in 1976, the polycrystalline diamond
compact (PDC) bit has developed and progressed even since
(Warren and Sinor, 1994). Its applicability in hard rock has been
greatly improved by innovations in impact resistance, PDC wear
and a better understanding of vibrations (Gerbaud et al., 2006). The
knowledge of rock failure modes and the interaction between the
y Elsevier B.V. on behalf of KeAi Co
rock and PDC cutter are key factors to further improve the rock-
breaking ability of the PDC bits. However, it is an extremely com-
plex process and is almost impossible to perform experiments
under realistic field conditions (Che et al., 2017; Chen et al., 2021a).
To this end, the single PDC cutter test has been widely used to
investigate the rock failure mechanism (Glowka, 1989).

Many evaluation indexes have been applied to study the results
of single PDC cutter scratching process in previous research. Among
them, the variation of cutting force and the distribution of cuttings
were the most common and effective. A large number of works
about them have been done in the past. The cuttings formation
process by PDC cutters can be recorded frame by framewith a high-
speed camera, which reveals the characteristics of rock-breaking to
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Fig. 1. The diagram of rock cutting facility.
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a large extent (ChengSheng and Li, 2018). Some scholars pointed
out that rock failure modes translate from ductile to brittle with the
increase in cutting depth. The morphology of the corresponding
cuttings will change from fine powder to chunk-like (He and Xu,
2016; Liu et al., 2018a; Zhou and Lin, 2013). That is, the size of
cuttings is closely associated with the rock failure modes. Mean-
while, some scholars investigated the shape of cuttings and
assumed that the failure surface of the rock follows a parabolic
representation. On the basis of this, they demonstrated that the
process of rock fragmentation by PDC cutters has two stages: shear
failure and tensile failure dominate, respectively (Hareland et al.,
2009). Besides, drilling is an extremely complex process and is
significantly affected by confining pressure and hydrostatic pres-
sure. A series of experiments and simulations have been conducted
to study the influence of these two factors. According to their re-
sults, the length of cuttings and mechanical specific energy (MSE)
consumed increase simultaneously as the confining pressure rises
from the atmosphere to 3.44 MPa. Furthermore, the formation of
cuttings was defined as a “chip stacking process” under such con-
ditions (Kaitkay and Lei, 2005; Rafatian et al., 2010; Rajabov et al.,
2012).

At the same time, large amounts of work on cutting force have
been done as well. The average value (Alvarez Grima et al., 2015;
Chen et al., 2016; Zeuch and Finger, 1985) and average peak value
(Chen et al., 2021b; Cheng et al., 2019a; Su and Akcin, 2011) of
cutting force were widely used to evaluate the ability of a rock
resisting the breakage by PDC cutters. These two values were also
used as an important index to investigate the effects of chamfer
geometry, cutting depth, cutter size and back rake angles on the
rock cutting efficiency (Akbari et al., 2014). Meanwhile, there are
many other applications for the cutting force. Some researchers
proposed that there is a strong correlation between rock failure
modes and the variation trend of cutting force at different cutting
depths. Results of their tests indicate that the cutting force is pro-
portional to cutting depth in the ductile failure region. Otherwise,
the relationship between themwill be non-linear. The findings can
be used to determine the value of critical depth (Nicodeme, 1997).
Besides, some scholars proposed that the cutting force in the
ductile failure region can be correlated with the uniaxial com-
pressed strength (UCS) of rocks (Richard,1999; Richard et al., 2012).
The accuracy of this model was further proved by subsequent
studies (Rostamsowlat et al., 2018). The frequency spectrum char-
acteristics of cutting force were also studied by some researchers.
They pointed out that there are no obvious peaks in the power
spectrum density (PSD) distribution of the cutting force, which can
be defined as a pink noise due to the randomness of rock failure
process (DaiHuang and Shi, 2020; Dai et al., 2021; Pe~na, 2010).

These two important and intuitional evaluation indexes were
treated as two separate parameters in most instances. Some
scholars also tried to establish a relationship between them. Gnirk
and Cheatham (1965) explored the failure modes of rocks based on
the inclination of force when a single bit-tooth penetrates the rock.
They proposed that the occurrence of chipping would result in
fluctuation in the force. The same phenomenonwas also discovered
by other researchers (Larson et al., 1987). Some scholars pointed out
that the formation and separation of a big chip were generally
accompanied by an obvious drop in the cutting force. In contrast,
the crushing in the cutting process would cause small variations of
force. That is, the value of cutting force drop (DF) from peak to
valley indicates the size of cuttings (Jaime, 2011; Jaime et al., 2015).
However, no tangible proof has been proposed so far. At the same
time, some scholars proposed inverse conclusions as well. Their
studies showed that many sawtooth waveforms in the cutting force
are independent of the volumetric breakage of rocks (Entacher
et al., 2015; Gertsch, 2000). Pe~na (2010) studied the relationship
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between force signals and the size of cuttings based on the MSE
consumed in single PDC cutter tests. He argued that the generation
of chunk-like cuttings will consume more energy, which will be
reflected by the cutting force as well.

In a word, cutting force and cuttings all reflect the rock failure
process. However, the relationship between them is still unclear. In
this study, we calculated the value of DF and the distribution of
cuttings under different experimental conditions and investigated
the relationship between them. Then, the rock failure process was
analyzed through the combination of cuttings distribution and the
fluctuation of cutting force. Besides, the rock sheet cutting experi-
ments were conducted to validate our standpoints. The results of
the present paper not only provide a better understanding of the
rock failure process but also demonstrate its relationship with
cutting force.

2. Experimental setup and materials

2.1. Experimental setup

As shown in Fig.1, the single PDC cutter tests were conducted on
a self-developed rock cutting facility, which has a moving speed of
1.6e230 mm per second in the cutting direction. With the help of
the micrometer, the accuracy of cutting depth can be corrected to
0.001 mm. By moving lever (a), we can adjust the position of cut-
ting grooves. Consequently, the same rock sample can be repeat-
edly tested to investigate the effects of different cutting parameters.
Using lever (b) and a series of PDC holders with constant angles
together, the back rake angles can be continually changed
from �40� to 60�. Besides, four dynamometers were installed and
employed to accurately monitor the cutting force loaded on any
point of the rock. They have amaximum sampling rate of 50,000 Hz
to capture any information included in the cutting force. In our
studies, a PDC cutter with the dimension of f19 mm � 13 mmwas
used and its wear was ignored due to the short cutting distance.

Fig. 2a shows the schematic of rock block cutting tests. Previous
studies indicate that rock properties and the geometry shape of
PDC cutter have few effects on rock failure mechanism (Zeuch and
Finger, 1985). Meanwhile, the primary goal of this paper is to
investigate the process of cuttings formation and its relationship
with cutting force. Consequently, we just conducted experiments
under different cutting depths ranging from 0.1 to 1.5 mm with an
interval of 0.1 mm, namely, a total of 15 groups of tests were con-
ducted. The cutting speed and the back rake angle were set as
300 mm/min and 20�, respectively.



Fig. 2. The schematic of the experimental process.
Fig. 3. The variation of cutting force.
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The collection of cuttings plays an important role in the reli-
ability of results. During the experiments, plastic slabs were placed
along the rock to prevent the cuttings from splashing away. After
each test, the cuttings were carefully brushed into a sampling bag.
All things have been done were to minimize the loss and the re-
crushing of cuttings in the process of collecting. After all the
scratching tests were finished, the cuttings were divided into
different size groups by sieves with various mesh sizes. Five groups
of cuttings were produced and weighted with an electrical balance
(with an accuracy of 0.001 g).

As shown in Fig. 2b, to validate the results concluded in rock
block cutting tests, another experiment was conducted to directly
observe the cuttings formation process and its relationship with
cutting force. A high-speed camera was used to capture the char-
acteristics of instantaneous rock failure frame by frame. Moreover,
the sampling rate of both the cutting force and the high-speed
camera was set as 1000 Hz. By this design, every sampled point
of cutting force can be correlated with the characteristics of
instantaneous rock-breaking. Besides, in our studies, the PDC cutter
was fixed and the rock moved with a constant speed to conduct
rock cutting tests. As a consequence, the immobile cutter was
employed for the focusing of the camera, which is easier to be
achieved.
2.2. Material

The granite with no obvious damage on the surface was chosen
for our experiments. It was collected from the formation of
outcropping in the Shandong Province. To meet the different de-
mands, rock was machined into blocks and sheets, respectively. The
corresponding dimension of them is shown in Fig. 2. The flatness
and roughness of the rock surfaces were strictly controlled, thereby
the cutting depth can be accurately adjusted. In our tests, six sur-
faces of the same rock block were employed tominimize the effects
of rock heterogeneity on our results. Table 1 shows partial impor-
tant physical and mechanical properties of rock samples.
Table 1
Physical and mechanical properties of rock samples.

Property Density, g/cm3 Cohesive strength, MPa Young's Modulu

Value 2.63 37.88 35.46
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3. Results and discussion

3.1. The variation of cutting force and the characteristics of cuttings

To explore the relationship between cutting force and cuttings
formation process, the variation of these two parameters was
separately studied at first. As shown in Fig. 3, the cutting force
obtained in the rock block cutting tests (at the cutting depth of
1.5 mm) intensely fluctuates with time. That is, a continuous rise of
force is accompanied by a subsequent drop, which includes a large
amount of useful information. When the rock in front of the PDC
cutter is squeezed, the cutting force increases from a valley to a
peak, while the energy accumulates in this stage. When the force
exerted by the PDC cutter exceeds the strength of the rock, the
breakage occurs and the cutting force decreases to a valley. The
value of cutting force drop (DF) from peak to valley (as the red line
shows) distributes within a wide range, which includes valuable
information. In Fig. 3, from A to B the DF is the largest, followed by
CD and EF.

To reveal the potential information included in the cutting force,
the value of DF at different cutting depths is calculated and ar-
ranged in ascending order. As shown in Fig. 4, an overall increase in
the maximum DF at a larger cutting depth can be detected. In the
rock cutting tests, the energy is accumulated in the loading process
and released in the failure process. That is, the accumulated energy
is used for producing new surfaces of cuttings. It is obvious that the
area of cuttings is proportional to its size. As a result, the generation
of larger size of cuttings needs to consume more energy based on
the theory of specific surface energy (Carpinteri and Pugno, 2002;
Rabia, 1982). And the DF that corresponds to the bigger size of
cuttings will become larger in the rock failure process.

At the same time, the generated cuttings in our experiments are
sieved with four different mesh screens: 10 mesh (2 mm), 20 mesh
(1 mm), 40 mesh (0.45 mm) and 80 mesh (0.18 mm). The mass
fraction is used to evaluate the distribution of cuttings with
different sizes, which is expressed as follows:
s, GPa Internal friction angle, degree Poison's ratio UCS, MPa

53.18 0.28 164.2



Fig. 4. The distribution of DF at different cutting depths.
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w¼ miP
mi

� 100% (1)

where mi is the mass of cuttings in every group.
As we can see in Fig. 5, themass fraction of the powdery cuttings

(>80 mesh) becomes lower with the increase in cutting depth.
Especially as the cutting depth is smaller than 0.6 mm, an almost
linear decrease in powdery cuttings can be observed. Meanwhile,
the mass fraction of chunk-like cuttings (<10 mesh) shows an
obvious increasing trend as the cutting depth becomes larger,
which is consistent with the variation of themaximumDF shown in
Fig. 4. It seems that the increase in the DF leads to an increase in the
size of cuttings. In other words, the cuttings with large sizes would
not generate until the DF beyond a specific value. The association of
cutting force drops with rock failure was also proposed by other
researchers (Entacher et al., 2015; Gnirk and Cheatham, 1965;
Larson et al., 1987). However, no subsequent proofs were proposed
to validate this standpoint.
Fig. 5. Mass fraction of cuttings at different cutting depths.
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To prove the relationship between them, the cuttings formation
process is investigated firstly. At shallow cutting depths, the vol-
ume of rocks in front of the cutter is small, which is easy to be
broken. Therefore, ductile failure dominates, which has been
manifested by other scholars (He and Xu, 2016; He et al., 2017;
Huang et al., 2013; Liu et al., 2018a, 2018b; Zhou and Lin, 2013). The
energy is continually accumulated and released and the corre-
sponding DF cannot reach a great value.

With the further increase in cutting depth, brittle failure dom-
inates and chunk-like cuttings appears, whose topography is shown
in Fig. 6. Among them, the back of cuttings has a coarse surface, its
corresponding height along the axis of AC is shown in Fig. 7a. The
results indicate that cracks initiate from a specific depth and
propagate to the free surface of the rock. The rock cutting direction
and the edge that contacts the PDC cutter can be easily determined
as well.

Besides, the maximum thickness of cuttings appears in point B
rather than point C. That is, cracks tend to expand into the rock in
the initial stage of cuttings formation. As shown in Fig. 7b, the
distribution of Mises stress ahead of the cutter shows arc-shaped in
the rock cutting process, which presents a great resemblance to the
profile of cuttings (Zhao et al., 2021). Consequently, shear failure
controls the initiation of cracks in the rock failure process. Similar
results were also concluded by other scholars (Alvarez Grima et al.,
2015; Cheng et al., 2019a).

The front of cuttings includes a flat surface and a crushed zone.
Among them, the former is the original surface of the rock, while
the crushed zone is mainly affected by the last rock failure process.
Due to the existence of this region, the actual cutting depth de-
creases significantly. Depending on the rock cutting direction and
the topography of cuttings, we can get a clear understanding of
chunk-like cuttings generation. That is, when the PDC cutter con-
tacts and squeezes the rock, the energy is accumulated to initiate
the crack to the free surface of the rock. The produced cuttings
splash away with a high velocity, thereby resulting in a clearance
between the rock and PDC cutter. This process is accompanied by a
significant decrease in cutting force. Moreover, it is hard to accu-
mulate energy again in a short time because of the decrease in
actual cutting depth. The generation of each cuttings with a large
size is an independent process and is well reflected by the cutting
force.

Meanwhile, the results shown in Fig. 5 indicate that powdery
cuttings still exist at great cutting depth. Based on the rock failure
mechanism, the appearance of the relatively small size cuttings at
this moment mainly has three reasons. At first, when the depth of
cut is beyond the critical depth, the cuttings will be removed in the
brittle failure mode. The energy is needed for the initiation and
propagation of cracks in this process. Therefore, the rock ahead of
Fig. 6. The topography of back (a) and front (b) of the chunk-like cuttings.



Fig. 7. The distribution of cuttings height (a) and the Mises stress ahead of the cutter (b).
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the PDC cutter will be compressed and broken by crushing, which is
used for accumulating energy. As shown in the area ① in Fig. 8,
there is a crushing zone in front of the PDC cutter and cuttings with
small size generates. This zone has been proposed and proved by
many researchers (Cheng et al., 2019b). That is, the generation of
chunk-like cuttings is accompanied by many small-size cuttings.
Furthermore, some researchers have proved that most of the en-
ergy (more than 90 percent) is consumed to initiate the crack in this
process (Larson et al., 1987).

Secondly, the volumetric breakage of the rock will generate a
new surface, whose shape is linear or a curved line based on pre-
vious studies (Chen et al., 2016; ChengSheng and Li, 2018). After
that, when the PDC cutter continues tomove along the cutting path
to remove the rock, the actual cutting depth changes and gradually
increases to the pre-set value. As shown in Fig. 8, the red line is the
new surface after the occurrence of brittle failure (area② shown in
Fig. 8). Then, the actual cutting depth, an important parameter that
represents the real contact depth between the rock and the cutter
decreases to a small value. As discussed easier, rock is broken by
crushing at shallow cutting depth (area③ shown in Fig. 8), thereby
the small size cutting generates. Meanwhile, brittle failure will
dominate again after the actual depth of cut increases to a critical
value. And then chunk-like cuttings generates (area ③ shown in
Fig. 8) and a new surface appears, which is accompanied by the
Fig. 8. The schematic of rock failure process.
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subsequent ductile failure. In other words, at large cutting depths,
the failuremode of the rock and actual cutting depth keep changing
in the rock cutting process. The crushed zone found in Fig. 6b val-
idates this result very well.

The aforementioned two reasons for the generation of cuttings
with small sizes at great cutting depth could also be well reflected
by the variation of cutting force. As shown in Fig. 9a, generally there
are some fluctuations in the rock loading process, which represents
the breakage of the rock. However, the same phenomenon is hardly
found in the process of rock failure. Therefore, we can sure that
these fluctuations are not resulted by the data acquisition system
error. It is shown that the cutting force will continue to increase to
its peak value after a small decrease, and then a big value of DF
appears. The process of rock loaded is thought to be continuous and
these fluctuations are the sign of rock failure with compression,
which is used to accumulate energy for the initiation and propa-
gation of cracks.

At the same time, the generation of small-size cuttings due to
the change of actual cutting depth also has significant effects on the
variation of cutting force. As we can see in Fig. 9b, a big value of DF
appears in the rock failure process (from point A to point B), which
means the occurrence of volumetric breakage and the generation of
chunk-like cuttings. After that, the cutting force fluctuates in a
small range and cuttings with small size appears due to the
decrease in actual cutting depth (from point B to point C).When the
actual cutting depth increases to a threshold value, brittle failure
dominates and the value of DF increases to a relatively great value
(from point C to point D). Afterwards, the variation of cutting force
maintains within a small range until the actual cutting depth is
beyond the critical depth again (from point E to point F). Further-
more, a general increasing trend of cutting time between the two
adjacent peak values is observed as the value of DF increases. That
is, the increase in the volume of rock failure leads to an increase in
the time to form the next volume breakage.

The third reason for the generation of small-size cuttings can be
concluded from Fig. 7a. The edge of the cuttings has a small
thickness, which results in its low strength. In the rock failure
process, there will be a large number of cuttings fragments and
then generates cuttings with a small size.

3.2. The visualization of cuttings formation process

Based on previous research and the results in the present study,
ductile failure dominates at shallow cutting depths (Che et al., 2017;
ChengSheng and Li, 2018). Consequently, only small-size cuttings



Fig. 9. The variation of cutting force due to energy accumulation (a) and the change of cutting depth (b).
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generates and the cutting force fluctuates slightly. This is a clear
process and no further proof is needed. However, the cuttings
distribute in a wide range and the cutting force fluctuates drasti-
cally with the increase in cutting depth. Moreover, these two pa-
rameters can be correlated to each other to obtain an in-depth
understanding of rock-breaking process and the interaction be-
tween the rock and cutter.

To validate the rock failure process and its relationship with
cutting force at great cutting depth, the cutting force is monitored
and the corresponding rock-breaking process is recorded when
cutting the rock sheet. The depth of cut was set as 1.5 mm and the
back rake angle is equal to 20�, which is consistent with rock block
cutting tests.

Firstly, some specific points are used to determine the corre-
sponding moment between the cutting force and rock failure pro-
cess. One is the time that rock cutting started. At this point, the
clearance between the rock and the cutter decreases to zero and the
corresponding cutting force begins to increase. Besides, it is rela-
tively easy to determine the time that the first volumetric breaking
of the rock occurs. At this moment, the cutting force reaches the
peak value and follows a significant drop, while the splashing of
cuttings is also an obvious phenomenon and easy to be captured by
the camera. With these points, we can unify the timeline and
determine the one-to-one correspondence between the cutting
force and characteristics of instantaneous rock-breaking.

As shown in Fig. 10, the cutting force shows a resemble variation
trendwith that in Fig. 3. At point A, the PDC cutter contacts with the
rock, and the cutting force gradually increases. In the loading
process, some slight drops of cutting force can be observed. At point
Fig. 10. The variation of cutting force.
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C, the first obvious peak value is obtained. Then, the cutting force
decreases to the valley with a higher speed compared with the rock
loading process. Based on the analysis shown in Section 3.1, rock
cutting process is accompanied by the variation of actual cutting
depth. Meanwhile, an arc-shaped surface generates after the
occurrence of chipping (as shown in Fig. 8). The area of rock that
contacts with the cutter and cutting depth reaches the maximum
values at initial conditions. Thereby, the cutting force at point C is
far larger than the average value. Besides, the variation of cutting
force shows great periodicity. That is, slight fluctuations occur
frequently between two significant cutting force drops. In our
studies, limited by thememory space of the high-speed camera, the
cutting distance is smaller than the length of rock. Consequently,
when the cutting process is over, the interaction between the rock
and the cutter still exists and the cutting force maintains a constant
value rather than decreases to zero.

Meanwhile, the characteristics of rock breaking at different
times are analyzed frame by frame. Firstly, some specific points in
the first loading and failure process of the rock have been selected
(from point A to point F in Fig. 10) and the corresponding instan-
taneous rock breaking is shown in Fig. 11. At 0.668 s, the cutter
contacts with the rock and loading process begins. At 1.363 s, the
splashing of cuttings and a small area of crushing ahead of the
cutter can be detected, which corresponds to point B in Fig. 10. The
cutting force decreases slightly at this point. This validates the rock
crushing when accumulating the energy for the crack initiation. In
this process, the failure of the rock has few effects on the complete
contact between the rock and the cutter. Thereby, just a soft fluc-
tuation is found in the cutting force. As time goes on, the cutting
force reaches its maximum value at point C. The corresponding
characteristic of rock failure is shown in Fig. 11c. At this moment,
the crushing zone increases significantly and the energy is suffi-
cient for the initiation of cracks. When the cutting time increases to
1.698 and 1.749 s (the corresponding point of D and E in Fig. 10),
volumetric breaking of the rock occurs and accompanies by a sharp
decrease in cutting force. Meanwhile, a great number of small-size
cuttings generates, which is produced by the compression of PDC
cutter and used for the accumulation of energy. After that, the
cutting force decreases to a valley (point F), and an obvious new
surface can be found ahead of the cutter in Fig. 11f, which results in
a small actual cutting depth in the subsequent rock cutting process.

Besides, to validate the reason for the slight fluctuation of cut-
ting force after its big drop, a series of points are selected (from
point G to point L) and the corresponding rock failure character-
istics are shown in Fig. 12. At 15.007 s, the crushed zone appears
and expands ahead of the cutter, while the cutting force reaches a



Fig. 11. The whole process of rock loading and rock breaking.

Fig. 12. Rock failure process under different cutting depths.
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peak value as well (point G in Fig. 10). Just like the aforementioned
result, the subsequent chipping happens at 15.029 s, and the cut-
ting force decreases to the valley quickly (point H). Then, at point I,
the actual depth of cut decreases to a small value at 15.162 s and the
arc-shaped new surface can be discovered. With the rotary of the
motor, the rock gradually moves to the cutter. In this stage, the
actual cutting depth is small and ductile failure dominates. From
point I to point K, the cutting force always fluctuates slightly. We
can see that only the cuttings with a small size generates at 15.632 s
(point J in Fig. 10). This phenomenon also presents the rock failure
process at shallow cutting depth and its correlation with cutting
force. With further movement of the rock, the actual cutting depth
exceeds the critical value and brittle failure dominates, thereby the
chipping occurs again at 16.847 s, and the amplitude of cutting
force drops increases.

Based on the results, the fluctuation of cutting force can be
correlated with the generation of cuttings and the failure mode of
the rock. Meanwhile, an in-depth understanding of the cuttings
formation process at different cutting depths is obtained. That is, at
shallow cutting depth, only the ductile failure dominates and the
cutting force fluctuates slightly. However, with the further increase
in cutting depth, brittle failure and ductile failure alternatively
present, thereby large cutting force drops occur regularly as well.
4. Conclusions

In the present study, a series of single PDC cutter tests were
conducted to investigate the process of cuttings formation and its
relationship with cutting force. After each test, the cuttings lying
within the windowwas carefully collected and sieved into different
sizes with several screens. Meanwhile, the rock sheet cutting tests
were performed and this process was recorded with a high-speed
camera to validate our standpoints. By analyzing the distribution
of cuttings and the variation of cutting force, we mainly summa-
rized the conclusions as follows. At shallow cutting depth, ductile
failure dominates, thereby only the powdery cuttings generates.
Beyond the critical depth of cut, brittle failure can be detected.
Cuttings is produced by the propagation of cracks and the corre-
sponding size increases significantly. However, there are large
numbers of cuttings with small size arises as well. Based on the
mechanism of rock breaking and topography of chunk-like cuttings,
three reasons result in this phenomenon: the change of actual
cutting depth, the re-crushing of large-size cuttings and the process
of energy accumulation. The generation of cuttings under different
conditions can be well reflected by the variation of cutting force.
Besides, the volume of cuttings has a strong correlation with the
amplitude of cutting force drops. Obviously, as a result of the het-
erogeneity of the rock and the relatively stochastic process of rock
failure, there is not an exact one-to-one correspondence between
the DF and cuttings. However, the value of DF can be used to
determine the size of cuttings to a large extent based on our
experimental results. Thereby, in the drilling process, the variation
of the torque that monitored on the ground can be employed to
analyze the efficiency of PDC bits in the downhole. Through the
analysis of this paper, a clear understanding of the rock failure
process is obtained and its relationship with cutting force becomes
more distinct.
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